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Neurodegenerative and neuroinflammatory diseases regularly cause optic nerve and
retinal damage. Evaluating retinal changes using optical coherence tomography (OCT)
in diseases like multiple sclerosis has thus become increasingly relevant. However,
intraretinal segmentation, a necessary step for interpreting retinal changes in the context
of these diseases, is not standardized and often requires manual correction. Here
we present a semi-automatic intraretinal layer segmentation pipeline and establish
normative values for retinal layer thicknesses at the macula, including dependencies on
age, sex, and refractive error. Spectral domain OCT macular 3D volume scans were
obtained from healthy participants using a Heidelberg Engineering Spectralis OCT. A
semi-automated segmentation tool (SAMIRIX) based on an interchangeable third-party
segmentation algorithm was developed and employed for segmentation, correction, and
thickness computation of intraretinal layers. Normative data is reported from a 6mmEarly
Treatment Diabetic Retinopathy Study (ETDRS) circle around the fovea. An interactive
toolbox for the normative database allows surveying for additional normative data. We
cross-sectionally evaluated data from 218 healthy volunteers (144 females/74 males, age
36.5 ± 12.3 years, range 18–69 years). Average macular thickness (MT) was 313.70 ±
12.02 µm, macular retinal nerve fiber layer thickness (mRNFL) 39.53± 3.57 µm, ganglion
cell and inner plexiform layer thickness (GCIPL) 70.81 ± 4.87 µm, and inner nuclear layer
thickness (INL) 35.93 ± 2.34 µm. All retinal layer thicknesses decreased with age. MT
and GCIPL were associated with sex, with males showing higher thicknesses. Layer
thicknesses were also positively associated with each other. Repeated-measurement
reliability for the manual correction of automatic intraretinal segmentation results was
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excellent, with an intra-class correlation coefficient >0.99 for all layers. The SAMIRIX
toolbox can simplify intraretinal segmentation in research applications, and the normative
data application may serve as an expandable reference for studies, in which normative
data cannot be otherwise obtained.
Keywords: optical coherence tomography (OCT), retina, normative data, inner retinal layer, segmentation, macula,
healthy population, minimally detectable change
1. INTRODUCTION
Optical coherence tomography (OCT) allows non-invasive
high-resolution in vivo imaging of the retina (1). Spectral
domain OCT (SD-OCT) provides 3D volume scans of the
retina, and intraretinal segmentation of macular volume scans
enables quantitative OCT applications in neurodegenerative and
autoimmune neuroinflammatory disorders (2, 3). The inner
retinal layers, in particular, are currently of pivotal interest for
several neurologic disorders. For example, the combinedmacular
ganglion cell and inner plexiform layer (GCIPL) thickness reflects
disease severity and activity in patients with multiple sclerosis
(MS) (4) and is suggested for monitoring disease activity in MS
(5). GCIPL might further serve to identify neurodegeneration
already very early on in the disease (6), and could thus
be used as a marker for assessing the individual risk of a
patient at onset for an active disease course (7). GCIPL is also
suggested as a sensitive marker for attack severity in acute optic
neuritis (8, 9). The inner nuclear layer (INL), on the other
hand, is a marker for inflammatory disease activity in MS and
might be utilized to monitor treatment response (10–12). In
neuromyelitis optica spectrum disorders (NMOSD), the INL
might be affected as part of an autoimmune reaction against
Müller cells (13), which could lead in turn to progressive GCIPL
loss (14).
Intraretinal layer segmentation is a crucial step in measuring
GCIPL or INL changes. In recent years, many algorithms for
intraretinal layer segmentation have been developed, and are
now routinely implemented in clinical OCT devices or are
available as external tools for research (15). While reliability in
healthy eyes is usually good (16), many scans in diseases with
macroscopic retinal changes or signal quality issues caused by
more difficult OCT measurement in vision-impaired individuals
require quality control and manual correction (17). Proper user
interfaces for manual correction of automatic segmentation
results are not always available, having led to many studies with
questionable OCT data based on very small regions of interest (6)
or inappropriate quality control (17).
Many studies have investigated intraretinal layer thicknesses
in healthy eyes to establish normative reference values, recently
e.g., Invernizzi et al. (18). Clinical features like age, sex, and axial
length have been reported to physiologically affect intraretinal
layer thicknesses (18, 19). But normative data studies are often
only applicable in a narrow context depending on the selected
samples and the methodology used, and data from studies from
Asia, or as a control for different diseases, are not necessarily
applicable in the context of neuroinflammatory diseases in
European or North American populations.
In this study we aimed (a) to establish normative values for
inner intraretinal layer thicknesses in a healthy Caucasian
population and age/sex distribution suitable for typical
autoimmune neuroinflammatory disorders, and (b) to evaluate
layer thicknesses in association with age and sex. For this
task we developed an easily usable and adaptable intraretinal
segmentation pipeline based on an interchangeable third-
party segmentation algorithm (20) as well as a survey tool for
additional normative data, which together allow data surveys
also beyond the scope of this study. Both are made available as
an open source application along with this publication.
2. MATERIALS AND METHODS
2.1. Study Population
We queried our institute’s research database to create a normative
OCT database. The database contained healthy control data from
two multimodal register studies aiming to evaluate quantitative
measurements of neuro-axonal damage in MS and other
neuroinflammatory disorders who were recruited from July 2010
to March 2018 at the NeuroCure Clinical Research Center
at the Charité-Universitätsmedizin Berlin. Each participant
underwent an examination of both eyes with Spectralis SD-
OCT. Retrospective inclusion criteria for the present study were
participants in a healthy condition aged between 18 and 70
years, Caucasian ethnicity, and high-quality macular OCT scans
(signal strength more than 15 dB). Exclusion criteria were any
neurological condition, any other disorder known to affect the
retina (i.e., diabetes), any eye disease affecting the retina (i.e.,
glaucoma), any relevant pathological finding in the neurovisual
examination performed by experienced optometrists, and a
refractive error above ±6 diopters. Twenty high quality macular
OCT scans (signal strengthmore than 15 dB) of NMOSDpatients
all with the history of optic neuritis (ON) were randomly selected
from our database to test the performance of the segmentation
pipeline presented in this study.
The study was approved by the ethics committee of Charité–
Universitätsmedizin Berlin and conducted according to the
Declaration of Helsinki in its currently applicable version. All
participants gave written informed consent.
2.2. Optical Coherence Tomography
All OCT measurements were carried out with a Spectralis
SD-OCT and Heidelberg Eye Explorer (HEYEX) version
5.7.5.0 (Heidelberg Engineering, Heidelberg, Germany), by eight
individual operators, with automatic real-time (ART) function
for image averaging and an activated eye tracker in a dimly
lit room. Macular 3D volumes were assessed by a custom scan
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comprising 61 vertical B-scans (each with 768 A-Scans, with
ART of 13 frames) with a scanning angle of 30 × 25◦ focusing
on the fovea. All scans were quality controlled according to
the OSCAR-IB criteria (21) and reporting adheres to APOSTEL
recommendations (22). Scans not passing the quality control
were excluded from analysis.
The macular scans were exported from the device and stored
in HEYEX Vol file format (*.vol files), and then intraretinal
segmentation was performed using the segmentation pipeline as
described below. All segmentation results were quality controlled
and manually corrected in case of errors by an experienced
grader. In the end, the thickness data was calculated and stored in
a CSV file format (.csv) for further analysis. The Early Treatment
Diabetic Retinopathy Study (ETDRS) macular map, as described
by the ETDRS research group (23), were used for this study.
We report average macular thickness (MT), macular retinal
nerve fiber layer thickness (mRNFL), combined ganglion cell and
inner plexiform layer thickness (GCIPL), and inner nuclear layer
thickness (INL) in the entire ETDRS macular map (the 6 mm
diameter circular area around the fovea). Other layer thicknesses
(e.g., outer retinal layers) and the thicknesses in different sectors
of the ETDRS macular map can be studied using the provided
shiny application and source data (Supplementary Material).
2.3. Intraretinal Segmentation
Intraretinal segmentation, manual correction, and thickness data
export of all macular scans were done using a custom-developed
intraretinal segmentation pipeline (SAMIRIX). SAMIRIX
modularly includes import filters for OCT data, a third-party
segmentation algorithm, a user interface for controlling and
correcting segmentation results, and batch-operations for
processing multiple OCT images (Figure 1A).
SAMIRIX was developed in MATLAB (R2017a, MathWorks,
Natick, MA, USA) and the user interface OCT-Marker was
written in C++11, by using Qt5, Boost, and OpenCV libraries.
2.3.1. Segmentation Algorithm
As a segmentation algorithm we used OCTLayerSegmentation
(20), which has been released as a package of AURA Tools on
NITRC (https://www.nitrc.org/projects/aura_tools/). We chose
OCTLayerSegmentation, because it showed good performance
and accuracy with an overall absolute error of 3.5 µm
by combining a machine learning approach for boundary
classification (random forest classification) and a robust state-
of-the-art graph-cut algorithm boundary refinement (optimal
graph search) in a previous study (24). OCTLayerSegmentation
delineates the inner limiting membrane (ILM), external limiting
membrane (ELM), Bruch membrane (BM), and the boundaries
between the retinal nerve fiber layer and ganglion cell layer
(RNFL-GCL), inner plexiform layer and inner nuclear layer
(IPL-INL), inner nuclear layer and outer plexiform layer (INL-
OPL), outer plexiform layer and outer nuclear layer (OPL-ONL),
inner and outer segments (ISOS), and outer photoreceptor tips
and retinal pigment epithelium (OPT-RPE) (Figure 1B). These
FIGURE 1 | (A) SAMIRIX pipeline, and (B) Boundaries delineated by layer segmentation (in orange) on the left and derived layers with manually corrected boundaries
(in blue) on the right, shown on a central B-scan crossing the fovea. ILM, inner limiting membrane; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; ISOS, inner and outer segments; OPT,
outer photoreceptor tips; RPE, retinal pigment epithelium; BM, Bruch membrane; MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined
ganglion cell and plexiform layer; INL, inner nuclear layer.
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boundaries then serve to calculate intraretinal layer areas with
nomenclature as suggested by the APOSTEL criteria (22).
For segmentation, the first step is to automatically find
the central fovea point of the macular volume scan to be
segmented. Based on the segmentation of the ILM and BM by
the Heidelberg Engineering Eye Explorer (HEYEX) software, the
height difference between the two layers is computed. In order
to detect the lowest point of the foveal surface, we look at the
minimum of this difference within the 1 mm circular area around
the center automatically defined byHEYEX. If several minima are
detected, then the median point of them is taken as the center
of the foveal pit. The next step is to crop the volume to 6–6
mm square around the fovea, aligned with the main direction of
the scan. This was done because many segmentation approaches
work with a priori assumption regarding the expected image.
The algorithm by Lang et al. used in this version of SAMIRIX
works well with this volume, which was also used by the original
developers of the algorithm (20). After being cropped, the volume
is segmented by the integrated 3rd-party segmentation algorithm
(20). The segmentation results are then read by SAMIRIX and
saved alongside the volume in a single file.
2.3.2. User Interface for Manual Correction
For quality control and manual correction, we developed a
graphical user interface (OCT-Marker). In the first step, the scan
to be checked and corrected if necessary, is opened in OCT-
Marker. A Piecewise Cubic Hermite Interpolating Polynomial
(PCHIP) based correction method with defined control points is
provided to the user to ease the correction process. This enables
modifications on the segmentation results while going through
the volume scan, B-scan by B-scan. When the correction is done,
the modified segmentation is written and saved over the previous
one in the data file.
2.3.3. Data Export and Batch Processing
For thickness data export, the user selects the upper and lower
boundaries of the layer, and also the grid in which the thickness
is going to be calculated (e.g., ETDRS 6 mm grid). Then, each
volume is split into these sectors, and the average thickness of
each is computed. At the end, the calculated values are written
and saved in a comma separated values (csv) file.
SAMIRIX also offers the possibility of performing batch
segmentation. For this purpose, the selected volumes are taken
through the steps in the segmentation module, one by one. Also,
in the thickness export module, the first two steps are repeated
for each volume, and then the end result consists in a single
thickness report saved in a single table. SAMIRIX only works
with Spectralis OCT scans in HEYEX Vol file format (*.vol files).
Screenshots from SAMIRIX and OCT-Marker are provided in
Supplementary Material.
2.4. Statistical Analysis
Statistical analysis was done in R [Version 3.4.4 (25)].
Exploratory data analysis and data visualization were performed
using the ggplot2 package (26). For assessment of consistency,
the intra-class correlation coefficient (ICC) and 95% confidence
intervals were estimated using the ICC package (27), based
on the variance components from a one-way ANOVA. The
coefficient of variation (CV), standard error of measurement
(SEM), and minimum detectable change (MDC) for inter-rater
and intra-rater consistency analysis were calculated based on the
formulas described by Beckerman et al. (28). SEM and MDC, the
latter sometimes also called smallest real difference (SRD), are
statistical approaches to estimate theminimally needed difference
between two measurements that a method is able to detect (28),
and is used in this study as a measure to quantify the amount of
noise. In this study, an ICC>0.9 was considered as high, between
0.8 and 0.9 as moderate, and <0.8 as insufficient, as suggested by
Vaz et al. (29).
Analysis of OCT values against age, sex, and refractive
error was performed by linear mixed effect models (LMM),
including inter-eye within-patient correlations as a random
effect [lme4 package (30), and lmerTest package (31)]. The
conditional and marginal coefficients of determination were
calculated with pseudo R-squared [MuMIn package (32)]. The
correlation of OCT values was assessed using Pearson’s product-
moment correlation [stats package (25)] and regression analysis
was carried out using LMM with the inclusion of inter-eye
within-patient correlations as a random effect. For this study,
p-values below 0.05 were considered significant.
All statistical and exploratory results of this study were
established in an interactive HTML document using R
Markdown (33) and Shiny (34) packages. R Markdown is a
framework to run codes written in R and generates reports based
on the output of the codes. By using Shiny R package, the reports
can be turned into interactive web applications. The documents
based on R Markdown and Shiny packages can be deployed
on web servers and are therefore accessible, like web pages. A
screenshot of the interactive HTML document is provided in the
Supplementary Material.
3. RESULTS
Initially, macula scans of 438 eyes of 219 subjects were collected
from our database according to the inclusion and exclusion
criteria, from which the scans from 15 eyes of 14 subjects were
excluded due to insufficient scan quality. Therefore, in this study,
macula scans of 423 eyes of 218 subjects of Caucasian descent
were included, from which 144 (66%) subjects were females and
74 (34%) were males. Age ranged between 18 and 69 years,
with an average [±standard deviation (SD)] of 36.5 ± 12.27
years. Refractive error was available from a subset of 70 eyes (35
subjects), from which the average was −0.55 ± 1.38 SD diopter
with a range between−4.75 and+1.75 diopter.
Table 1 provides descriptive statistics of average MT, mRNFL,
GCIPL, and INL thicknesses, including the mean, SD, coefficient
of variation, range, first percentile, fifth percentile, ninety-
fifth percentile, and ninety-ninth percentile. Figure 2 shows
the distribution of the average layer thicknesses together with
an overlaid curve representing normal distribution fitted to
each graph.
Additionally, the normative (mean) thickness of the MT,
mRNFL, GCIPL, and INL layers in the ETDRS macular map is
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shown as heat maps in Figure 3, alongside the normative values
of the average layer thicknesses of the eyes included in this study
in the ETDRS macular map sectors. Descriptive statistics of the
layer thicknesses in the ETDRS macular map sectors is provided
in Supplementary Material.
To test inter-rater reliability, the automatic segmentation
results of 44 eyes of 24 subjects from this study were manually
corrected by two different experienced graders, who were
masked. We then calculated the intra-class correlation coefficient
(ICC) and minimum detectable change (MDC) for MT, mRNFL,
GCIPL, and INL, which is detailed in Table 2.
TABLE 1 | Descriptive statistics of average thicknesses in the entire ETDRS
macular map.
Average
thickness
(µm)
Mean ± SD CV (%) Min–Max 1st–99th
percentile
5th–95th
percentile
MT 313.70±12.02 3.83 281.29–362.29 286.53–339.59 294.20–333.25
mRNFL 39.53± 3.57 9.03 30.22–54.38 32.41–49.18 34.35–45.68
GCIPL 70.81± 4.87 6.87 56.60–86.03 59.00–83.56 63.16–77.95
INL 35.93± 2.34 6.52 28.31–41.94 31.00–40.97 32.08–39.87
MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined
ganglion cell and plexiform layer; INL, inner nuclear layer; CV, coefficient of variation; Min,
minimum; Max, maximum.
Intra-rater reliability of the manual correction was tested
by manually correcting the segmentation results of the same
set of OCT scans from the previous reliability test (44 eyes
of 24 subjects) twice by an experienced grader. The MDC
(and ICC) was 0.24 (0.99994), 0.31 (0.99861), 0.23 (0.99947),
and 0.19 micrometers (0.99890) for MT, mRNFL, GCIPL, and
INL, respectively.
Regression analysis of layer thicknesses against age showed
significant changes. In particular,MT showed an average decrease
of 0.215 µm per year (p-value = 0.001). Likewise, GCIPL thickness
decreased by on average 0.088 µm per year (p-value = 0.001).
Significant changes of average thickness of mRNFL and INL by
aging are also reported; Table 3 provides detailed results.
Analysis of average layer thicknesses vs. sex revealed
significant differences in MT and GCIPL between males and
females. Males showed on average 4.18 µm higher MT than
females (p-value = 0.015). Further, males had a 1.52 µm thicker
GCIPL in comparison to females (p-value = 0.029). As reported
in Table 3, neither mRNFL nor INL thickness showed significant
sex differences.
Since GCIPL and INL are of particular interest, Figure 4
shows the average GCIPL and INL thicknesses against age. The
INL thickness was also plotted against the GCIPL thickness in
Figure 4. The correlation coefficient between the INL and GCIPL
thicknesses was 0.579 (p-value < 2 × 10−16) and the slope (B)
of the linear regression was 0.277 [standard error (SE) = 0.022,
p-value < 2× 10−16].
FIGURE 2 | Histogram and fitted normal distribution curve of average thickness of (A) macula, (B) mRNFL, (C) GCIPL, and (D) INL. mRNFL, macular retinal nerve
fiber layer; GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer.
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FIGURE 3 | The mean of the layer thicknesses of all the volumes included in this study in the ETDRS macular map area shown as heat maps, together with the mean
and standard deviation (Mean±SD) of the average layer thicknesses in different sectors of the ETDRS macular map. The mRNFL, GCIPL, and INL heat maps have the
same scale with the minimum and maximum values of all the three layers (min: 6.28 µm, max: 104.02 µm) in the interest of comparison. The left eyes were mirrored
along the vertical axis, and all the images were rotated to be aligned with the fovea and center of the optic nerve head axis. All the numbers are in micrometers. MT,
macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer; T, temporal; N, nasal; S,
superior; I, inferior; ETDRS, Early Treatment Diabetic Retinopathy Study; Min, minimum; Max, maximum.
TABLE 2 | Inter-rater reliability measurements of segmentation corrections.
Average
thickness (µm)
ICC Upper CI Lower CI CV SEM MDC
MT 0.99984 0.99971 0.99991 0.04464 0.13728 0.38052
mRNFL 0.99350 0.98817 0.99644 0.57594 0.23771 0.65889
GCIPL 0.99794 0.99625 0.99887 0.21960 0.16519 0.45788
INL 0.99734 0.99515 0.99854 0.27271 0.10564 0.29281
MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined
ganglion cell and plexiform layer; INL, inner nuclear layer; ICC, intra-class correlation
coefficient; CI, confidence interval; CV, coefficient of variation; SEM, standard error of
measurement; MDC, minimum detectable change.
To test the performance of SAMIRIX and to compare it
with the performance of the HEYEX software, 20 OCT scans
from NMOSD patients, all with a history of optic neuritis (ON)
were segmented, and the segmentation results were manually
corrected by a grader experienced in both SAMIRIX and
HEYEX. The median correction time for SAMIRIX was 7:59 min
(minimum: 5:07 min, maximum: 27:22 min), while the median
correction time for HEYEX was 10:30 min (minimum: 8:01 min,
maximum: 22:01 min). The mean absolute correction in the 6
mm ETDRS circle (the amount of correction for all the five
corrected boundaries ILM, RNFL-GCL, IPL-INL, INL-OPL, and
BM divided by the number of A-Scans in the 6 mm ETDRS
circle) was also calculated. For the mean absolute correction in
SAMIRIX, the median was 0.16 µm (minimum: 0 µm, maximum:
22.45 µm), and in HEYEX, the median was 0.79 µm (minimum:
0.06 µm, maximum: 2.02 µm).
4. DISCUSSION
In this study we present normative data for inner intraretinal
layer thicknesses of a large cohort of 218 healthy subjects (423
eyes) of Caucasian ethnicity aged between 18 and 69 years, using
Spectralis SD-OCT 3D macular scans.
In our study the average thickness of all investigated layers was
associated with age, which is consistent with other studies (35–
40). Recently, Invernizzi et al. (18) investigated the association
of different intraretinal layer thicknesses in the outer and middle
rings and the center of the ETDRS thickness map, with age, and
showed no significant association in any regions except the center
of macular thickness, which is consistent with some other studies
(41, 42). von Hanno et al. (43) suggested a positive association
between macular thickness and age up to around 60 years and a
negative association afterwards, by studying retinal OCTs of 4,508
eyes. Previous studies investigating retinal thicknesses in relation
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TABLE 3 | Regression analysis of average thicknesses against age, sex, and refractive error.
Average thickness (µm) Against Mean (SD) B SE P R2Marg. R
2
Cond.
MT Age (years) −0.2148 0.0648 0.0010 0.0478 0.9679
Sex: F
vs. M
312.32 (12.11)
316.38 (11.41)
4.1771 1.6941 0.0145 0.0268 0.9679
RE (diopter) −0.3926 0.7013 0.5777 0.0030 0.9644
mRNFL Age (years) −0.0523 0.0192 0.0072 0.0312 0.8821
Sex: F
vs. M
39.46 (3.69)
39.67 (3.33)
0.3152 0.5056 0.5337 0.0017 0.8820
RE (diopter) −0.6067 0.2936 0.0430 0.0729 0.8753
GCIPL Age (years) −0.0874 0.0263 0.0010 0.0480 0.9652
Sex: F
vs. M
70.28 (4.98)
71.82 (4.48)
1.5150 0.6896 0.0291 0.0214 0.9652
RE (diopter) 0.0049 0.2950 0.9869 0 0.9730
INL Age (years) −0.0453 0.0125 0.0004 0.0558 0.9331
Sex: F
vs. M
35.82 (2.40)
36.15 (2.22)
0.3526 0.3312 0.2883 0.0050 0.9331
RE (diopter) 0.2394 0.1783 0.1841 0.0209 0.9512
MT, macular thickness; mRNFL, macular retinal nerve fiber layer; GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer; F, female; M, male; vs., versus; RE, refractive
error; SD, standard deviation; B, slope; SE, standard error of B; P, p-value; R2Marg., Marginal R-squared; R
2
Cond., Conditional R-Squared. Significant p-values marked in bold.
to sex in a healthy population showed that women had thinner
retinal thickness measures than men (36, 40, 41, 43, 44). Our
results are in accordance with this for MT and GCIPL, but not
for mRNFL and INL, which were both not sex-dependent in our
cohort. The analysis using OCT data from the UK Biobank study
(67,321 adults) from (45) reported associations among older age,
ethnicity, BMI, smoking, and macular thickness.
Inter-rater reliability of manually corrected segmentation
results was excellent with ICC values above 0.99 for all layers.
MDC, from the inter-rater reliability test, was 0.46 µm for GCIPL,
which is higher than the projected annual loss in healthy subjects
in this study (0.09 µm per year) and similar to the average annual
GCIPL loss reported in patients with MS (−1.1 µm over 2 years)
(46). This means that current intraretinal segmentation is not
able to reliably detect annual GCIPL loss in an individual MS
patient, and further technological improvements in acquisition
and image analysis are required to allow this, e.g., for clinical
monitoring applications. Intraretinal segmentation of the GCIPL
is, however, suited to track optic neuritis associated damage,
which is often magnitudes higher than the observed MDC in
this study (8, 9). For INL, the inter-rater MDC in our study was
0.29 µm, which is similar to group-wise changes reported with
disease activity related effects in the range of 0.35 to 0.71 µm (12).
Again, this suggests that current OCT intraretinal segmentation
is not able to reliably detect meaningful INL change for this
application. A previous multicenter study using the device’s own
semi-automatic segmentation approach with manual correction
produced even higher MDC (17). While previous studies,
and our current study only investigated segmentation-based
reliability on a single scan, the additional acquisition noise from
two different scans is likely to result in even higher MDC in a real
world scenario of follow-up measurements. The reported MDC
is below the resolution of the used SD-OCT technology, which
suggests that imaging rather than segmentation is the limiting
issue in detecting change.
To further support the opposing roles of GCIPL and INL
measurements in neuroinflammatory disorders, we investigated
their association in healthy controls. Both showed a moderate to
strong correlation in our study, indicating that retinal thickness is
reflected similarly throughout layers in an individual person. This
relationship might be of relevance when interpreting GCIPL and
INL in neuroinflammatory diseases, where GCIPL and INL are
supposed to change in opposite directions, with GCIPL thickness
reduction due to neurodegeneration (4) and INL thickening due
to inflammation (12) or in response to ganglion cell loss (10).
The presented semi-automatic OCT image segmentation
pipeline, SAMIRIX, provides an accessible and flexible toolbox,
which can handle the entire process needed to analyze intra-
retinal layer thicknesses on raw SD-OCT images. SAMIRIX
is not introducing a new segmentation approach, but rather
implements an existing algorithm, and extends it with processing
pipelines and comfortable manual correction tools. For research
use, SAMIRIX was faster compared to HEYEX, and the
initial segmentation more accurate. In a few cases with
severely affected eyes, initial automatic segmentation produced
large errors. These cases then needed more processing time
than with HEYEX, suggesting a potential in improving the
initial segmentation approach. Importantly, SAMIRIX offers a
transparent open-source segmentation pipeline. Of note, while
we compared SAMIRIX to HEYEX, there are other commercial
and academic intraretinal segmentation tools available, e.g.,
Orion (by Voxeleron LLC, https://www.voxeleron.com/orion/)
and Iowa Reference Algorithms (by Iowa Institute for Biomedical
Imaging, https://www.iibi.uiowa.edu/oct-reference).
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FIGURE 4 | (A) The average GCIPL thickness against age, (B) the average INL thickness against age, and (C) the average INL thickness against the average GCIPL
thickness. GCIPL, combined ganglion cell and plexiform layer; INL, inner nuclear layer.
4.1. Strengths and Limitations
A general problem with reporting normative data is not only
different optical properties and acquisition strategies of different
devices, but also different regions of interest, which are then
summarized in the respective thickness or volumemeasurements
(47). While we report 6 mm ETDRS ring thicknesses in
micrometers in this study, other regions of interest can be
surveyed using the accompanying shiny web application. Other
strengths of this study are its sample size and the similar
age and sex distribution in comparison to typical cohorts of
autoimmune neuroinflammatory diseases. A limitation of this
study is the cross-sectional design, which impairs inferences
about temporal development. The most important limitation is
that we included OCT scans from only one device and one
scan protocol, which limits generalizability of normative data
(47). Particular caution should be taken when interpreting data
acquired with various instruments, since comparative studies
revealed that measurements are not directly comparable between
different OCT devices (48, 49) and results can even be influenced
by simple software upgrades (50). Currently, SAMIRIX is only
able to work with the HEYEX Vol file format (*.vol files), which
is only available through specific collaborative arrangements with
Heidelberg Engineering, which is a clear limitation.
Because this study was done on a Caucasian population,
readers should keep in mind that our results are not necessarily
applicable to other ethnicities. Grover et al. (42) found Black
subjects to have a thinner retinal thickness compared to
Caucasian subjects, while Tariq et al. (51) showed that average
inner macula was significantly thicker in Caucasian than East
Asian and South Asian children, with South Asian children
having the thinnest values. These findings were also confirmed
by Girkin et al. (35), which reported that Hispanic and Indian
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participants showed higher thickness compared to Europeans
and Africans.
DATA AVAILABILITY STATEMENT
All analyses of this study are combined in a single R markdown
code embedding R shiny interactive applications, which is
provided alongside the raw data as Supplementary Material as
well as in a public repository, in https://github.com/neurodial/
am-HC-project-analysis-public.git. A copy of the source code
of SAMIRIX which was used in this study and described in this
paper is also provided as Supplementary Material. An up-to-
date version of SAMIRIX can be found in a public repository
with the address of https://github.com/neurodial/am_SAMIRIX.
git. Additionally, the markdown HTML document was deployed
to a server and is ready-to-use, available under http://shiny-
apps.neurodial.de/shiny/am-HC-project-analysis-public/HC_
traditional_params_markdown.Rmd with the username of
“guest_user” and the password of “NeuroDiaL.”
ETHICS STATEMENT
The study was approved by the ethics committee of Charité–
Universitätsmedizin Berlin and conducted according to the
Declaration of Helsinki in its currently applicable version. All
participants gave written informed consent.
AUTHOR CONTRIBUTIONS
SM collected the data, developed SAMIRIX, manually corrected
layers segmentation, performed statistical analysis, contributed
to data interpretation, and wrote the manuscript. KG developed
the OCT-Marker. NA contributed to the data collection and
manual correction of layer segmentation. HZ contributed to the
data collection, visual examinations, and data interpretation. SA
contributed to the data collection and participant recruitment.
CB contributed to the data collection and visual examinations.
JM contributed to the data collection and visual examinations.
FP contributed to the study management. EK contributed to
the data interpretation and wrote the manuscript. AB planned
and coordinated the study, contributed to statistical analysis and
data interpretation, and reviewed the manuscript. All authors
approved the final draft of the manuscript submitted for review
and publication.
FUNDING
This work was supported by the Einstein Foundation Berlin
(Einstein Junior Scholarship) to SM, the German Federal
Ministry of Economic Affairs and Energy (BMWI EXIST
03EFEBE079) to AB, and EK, German Research Foundation
(DFG Exc. 257) to FP and AB; and German Federal Ministry of
Education and Research (BMBFNeu2 ADVISIMS) to FP and AB.
ACKNOWLEDGMENTS
We thank Robyn Cunningham for her excellent
technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.01117/full#supplementary-material
REFERENCES
1. Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG,
Chang W, et al. Optical coherence tomography. Science (1991)
254:1178–81.
2. Oertel FC, Zimmermann H, Paul F, Brandt AU. Optical coherence
tomography in neuromyelitis optica spectrum disorders: potential
advantages for individualized monitoring of progression and
therapy. EPMA J. (2017) 9:21–33. doi: 10.1007/s13167-017-
0123-5
3. Oertel FC, Zimmermann HG, Brandt AU, Paul F. Novel uses of retinal
imaging with optical coherence tomography in multiple sclerosis. Expert Rev
Neurother. (2019) 19:31–43.doi: 10.1080/14737175.2019.1559051
4. Petzold A, Balcer LJ, Calabresi PA, Costello F, Frohman TC, Frohman
EM, et al. Retinal layer segmentation in multiple sclerosis: a
systematic review and meta-analysis. Lancet Neurol. (2017) 16:797–812.
doi: 10.1016/S1474-4422(17)30278-8
5. Brandt AU,Martinez-Lapiscina EH, Nolan R, Saidha S. Monitoring the course
of MS with optical coherence tomography. Curr Treat Options Neurol. (2017)
19:15.doi: 10.1007/s11940-017-0452-7
6. Oberwahrenbrock T, Ringelstein M, Jentschke S, Deuschle K, Klumbies K,
Bellmann-Strobl J, et al. Retinal ganglion cell and inner plexiform layer
thinning in clinically isolated syndrome. Mult Scler J. (2013) 19:1887–95.
doi: 10.1177/1352458513489757
7. Zimmermann HG, Knier B, Oberwahrenbrock T, Behrens J, Pfuhl C, Aly L,
et al. Association of retinal ganglion cell layer thickness with future disease
activity in patients with clinically isolated syndrome. JAMA Neurol. (2018)
75:1071–9. doi: 10.1001/jamaneurol.2018.1011
8. Brandt AU, Specovius S, Oberwahrenbrock T, Zimmermann HG, Paul F,
Costello F. Frequent retinal ganglion cell damage after acute optic neuritis.
Mult Scler Relat Disord. (2018) 22:141–7. doi: 10.1016/j.msard.2018.04.006
9. Soelberg K, Specovius S, Zimmermann HG, Grauslund J, Mehlsen JJ, Olesen
C, et al. Optical coherence tomography in acute optic neuritis: a population-
based study. Acta Neurol Scand. (2018) 138:566–73. doi: 10.1111/ane.13004
10. Brandt AU, Oberwahrenbrock T, Kadas EM, Lagreze WA, Paul F. Dynamic
formation of macular microcysts independent of vitreous traction changes.
Neurology. (2014) 83:73–7. doi: 10.1212/wnl.0000000000000545
11. Kaufhold F, Zimmermann H, Schneider E, Ruprecht K, Paul F,
Oberwahrenbrock T, et al. Optic neuritis is associated with inner nuclear
layer thickening and microcystic macular edema independently of multiple
sclerosis. PLoS ONE. (2013) 8:e71145. doi: 10.1371/journal.pone.0071145
12. Knier B, Schmidt P, Aly L, Buck D, Berthele A, Mühlau M, et al. Retinal
inner nuclear layer volume reflects response to immunotherapy in multiple
sclerosis. Brain. (2016) 139:2855–63. doi: 10.1093/brain/aww219
13. Oertel FC, Kuchling J, Zimmermann H, Chien C, Schmidt F, Knier B, et al.
Microstructural visual system changes in AQP4-antibody–seropositive
NMOSD. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e334.
doi: 10.1212/NXI.0000000000000334
14. Oertel FC, Havla J, Roca-Fernández A, Lizak N, Zimmermann H,
Motamedi S, et al. Retinal ganglion cell loss in neuromyelitis optica:
a longitudinal study. J Neurol Neurosurg Psychiatry. (2018) 89:1259–65.
doi: 10.1136/jnnp-2018-318382
15. Tian J, Varga B, Tatrai E, Fanni P, Somfai GM, Smiddy WE, et al.
Performance evaluation of automated segmentation software on optical
coherence tomography volume data. J Biophoton. (2016) 9:478–89.
doi: 10.1002/jbio.201500239
Frontiers in Neurology | www.frontiersin.org 9 November 2019 | Volume 10 | Article 1117
Motamedi et al. Macular OCT Normative Data
16. Ctori I, Huntjens B. Repeatability of foveal measurements using spectralis
optical coherence tomography segmentation software. PLoS ONE. (2015)
10:e0129005. doi: 10.1371/journal.pone.0129005
17. Oberwahrenbrock T, Traber GL, Lukas S, Gabilondo I, Nolan R, Songster C,
et al. Multicenter reliability of semiautomatic retinal layer segmentation
using OCT. Neurol Neuroimmunol Neuroinflamm. (2018) 5:e449.
doi: 10.1212/NXI.0000000000000449
18. Invernizzi A, Pellegrini M, Acquistapace A, Benatti E, Erba S, Cozzi M,
et al. Normative data for retinal-layer thickness maps generated by spectral-
domain OCT in a white population. Ophthalmol Retina. (2018) 2:808–15.e1.
doi: 10.1016/j.oret.2017.12.012
19. Ooto S, Hangai M, Tomidokoro A, Saito H, Araie M, Otani T, et al.
Effects of age, sex, and axial length on the three-dimensional profile of
normal macular layer structures. Investig Opthalmol Vis Sci. (2011) 52:8769.
doi: 10.1167/iovs.11-8388
20. Lang A, Carass A, HauserM, Sotirchos ES, Calabresi PA, YingHS, et al. Retinal
layer segmentation of macular OCT images using boundary classification.
Biomed Opt Express. (2013) 4:1133–52. doi: 10.1364/BOE.4.001133
21. Tewarie P, Balk L, Costello F, Green A, Martin R, Schippling S, et al. The
OSCAR-IB consensus criteria for retinal OCT quality assessment. PLoS ONE.
(2012) 7:e34823. doi: 10.1371/journal.pone.0034823
22. Cruz-Herranz A, Balk LJ, Oberwahrenbrock T, Saidha S, Martinez-Lapiscina
EH, Lagreze WA, et al. The APOSTEL recommendations for reporting
quantitative optical coherence tomography studies. Neurology. (2016)
86:2303–9. doi: 10.1212/WNL.0000000000002774
23. ETDRS Research Group. Grading diabetic retinopathy from stereoscopic
color fundus photographs–an extension of the modified Airlie House
classification. ETDRS report number 10. Early Treatment Diabetic
Retinopathy Study Research Group. Ophthalmology. (1991) 98:786–806.
24. Oberwahrenbrock T, Jost R, Zimmermann H, Beckers I, Paul F, Brandt
AU. Signal quality dependency of intra-retinal segmentation algorithms.
In: ECTRIMS Online Library (2016). p. 146399. Available online at:
https://onlinelibrary.ectrims-congress.eu/ectrims/2016/32nd/146399/timm.
oberwahrenbrock.signal.quality.dependency.of.intra-retinal.segmentation.
html
25. R Core Team. R: A Language and Environment for Statistical Computing.
Vienna: R Core Team (2018). Available online at: https://www.R-project.org/
26. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag (2009). Available online at: http://ggplot2.org
27. Wolak ME, Fairbairn DJ, Paulsen YR. Guidelines for estimating repeatability.
Methods Ecol Evol. (2012) 3:129–37. doi: 10.1111/j.2041-210X.2011.00125.x
28. Beckerman H, Roebroeck ME, Lankhorst GJ, Becher JG, Bezemer PD,
Verbeek AL. Smallest real difference, a link between reproducibility and
responsiveness.Qual Life Res. (2001) 10:571–8. doi: 10.1023/a:1013138911638
29. Vaz S, Falkmer T, Passmore AE, Parsons R, Andreou P. The case for using
the repeatability coefficient when calculating test–retest reliability. PLoS ONE.
(2013) 8:e73990. doi: 10.1371/journal.pone.0073990
30. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01
31. Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest package:
tests in linear mixed effects models. J Stat Softw. (2017) 82:1–26.
doi: 10.18637/jss.v082.i13
32. Barton K. MuMIn: Multi-Model Inference (2018). R package version 1.40.4.
Available online at: https://CRAN.R-project.org/package=MuMIn
33. Allaire J, Horner J, Marti V, Porte N.Markdown: ‘Markdown’ Rendering for R;
2017. R package version 0.8. Available online at: https://CRAN.R-project.org/
package=markdown
34. Chang W, Cheng J, Allaire J, Xie Y, McPherson J. Shiny: Web Application
Framework for R (2017). R package version 1.0.5. Available online at: https://
CRAN.R-project.org/package=shiny
35. Girkin CA, McGwin G, Sinai MJ, Sekhar GC, Fingeret M, Wollstein
G, et al. Variation in optic nerve and macular structure with age
and race with spectral-domain optical coherence tomography.
Ophthalmology. (2011) 118:2403–8. doi: 10.1016/j.ophtha.2011.
06.013
36. Gupta P, Sidhartha E, Tham YC, Chua DKP, Liao J, Cheng CY, et al.
Determinants of macular thickness using spectral domain optical coherence
tomography in healthy eyes: the Singapore Chinese eye study. Investig
Opthalmol Vis Sci. (2013) 54:7968. doi: 10.1167/iovs.13-12436
37. Mitkova-Hristova VT, Konareva-Kostyaneva MI. Macular thickness
measurements in healthy eyes using spectral optical coherence tomography.
Folia Med. (2011) 53:28–33. doi: 10.2478/v10153-011-0064-z
38. Myers CE, Klein BEK, Meuer SM, Swift MK, Chandler CS, Huang Y,
et al. Retinal thickness measured by spectral-domain optical coherence
tomography in eyes without retinal abnormalities: the Beaver dam eye study.
Am J Ophthalmol. (2015) 159:445–56.e1. doi: 10.1016/j.ajo.2014.11.025
39. Nieves-Moreno M, de-la Casa JMM, Morales-Fernández L, Sánchez-Jean R,
Sáenz-Francés F, García-Feijoó J. Impacts of age and sex on retinal layer
thicknesses measured by spectral domain optical coherence tomography with
spectralis. PLoS ONE. (2018) 13:e0194169. doi: 10.1371/journal.pone.0194169
40. Song WK, Lee SC, Lee ES, Kim CY, Kim SS. Macular thickness variations
with sex, age, and axial length in healthy subjects: a spectral domain–optical
coherence tomography study. Investig Opthalmol Vis Sci. (2010) 51:3913.
doi: 10.1167/iovs.09-4189
41. AdhiM, Aziz S,MuhammadK, AdhiMI.Macular thickness by age and gender
in healthy eyes using spectral domain optical coherence tomography. PLoS
ONE. (2012) 7:e37638. doi: 10.1371/journal.pone.0037638
42. Grover S, Murthy RK, Brar VS, Chalam KV. Normative data for
macular thickness by high-definition spectral-domain optical coherence
tomography (spectralis). Am J Ophthalmol. (2009) 148:266–71.
doi: 10.1016/j.ajo.2009.03.006
43. von Hanno T, Lade AC, Mathiesen EB, Peto T, Njølstad I, Bertelsen G.
Macular thickness in healthy eyes of adults (N = 4508) and relation to sex, age
and refraction: the Tromsø Eye Study (2007–2008). Acta Ophthalmol. (2016)
95:262–9. doi: 10.1111/aos.13337
44. Duan XR, Liang YB, Friedman DS, Sun LP, Wong TY, Tao QS, et al. Normal
macular thickness measurements using optical coherence tomography in
healthy eyes of adult Chinese persons: the Handan eye study. Ophthalmology.
(2010) 117:1585–94. doi: 10.1016/j.ophtha.2009.12.036
45. Patel PJ, Foster PJ, Grossi CM, Keane PA, Ko F, Lotery A, et al.
Spectral-domain optical coherence tomography imaging in 67,321 adults.
Ophthalmology. (2016) 123:829–40. doi: 10.1016/j.ophtha.2015.11.009
46. Balk LJ, Cruz-Herranz A, Albrecht P, Arnow S, Gelfand JM, Tewarie P, et al.
Timing of retinal neuronal and axonal loss in MS: a longitudinal OCT study.
J Neurol. (2016) 263:1323–31.doi: 10.1007/s00415-016-8127-y
47. Oberwahrenbrock T, Weinhold M, Mikolajczak J, Zimmermann H, Paul F,
Beckers I, et al. Reliability of intra-retinal layer thickness estimates. PLoS ONE.
(2015) 10:e0137316. doi: 10.1371/journal.pone.0137316
48. Pierro L, Giatsidis SM, Mantovani E, Gagliardi M. Macular thickness
interoperator and intraoperator reproducibility in healthy eyes using 7 optical
coherence tomography instruments. Am J Ophthalmol. (2010) 150:199–
204.e1. doi: 10.1016/j.ajo.2010.03.015
49. Seigo MA, Sotirchos ES, Newsome S, Babiarz A, Eckstein C, Ford E, et al. In
vivo assessment of retinal neuronal layers in multiple sclerosis with manual
and automated optical coherence tomography segmentation techniques. J
Neurol. (2012) 259:2119–30. doi: 10.1007/s00415-012-6466-x
50. Coric D, Petzold A, Uitdehaag BMJ, Balk LJ. Software updates of OCT
segmentation algorithms influence longitudinal assessment of retinal atrophy.
J Neurol Sci. (2018) 387:16–20. doi: 10.1016/j.jns.2018.01.020
51. Tariq YM, Li H, Burlutsky G, Mitchell P. Ethnic differences
in macular thickness. Clin Exp Ophthalmol. (2011) 39:893–8.
doi: 10.1111/j.1442-9071.2011.02593.x
Conflict of Interest: EK, FP, and AB are co-founders and hold shares in technology
start-up Nocturne GmbH, which has commercial interest in OCT applications in
neurology. EK is now an employee of Nocturne.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2019 Motamedi, Gawlik, Ayadi, Zimmermann, Asseyer, Bereuter,
Mikolajczak, Paul, Kadas and Brandt. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Neurology | www.frontiersin.org 10 November 2019 | Volume 10 | Article 1117
